Ticks are parasites that feed on the http://www.jbc.org/cgi
inflammatory and immune responses (1) (2) (3) (4) (5) (6) (7) . Ticks are second only to mosquitoes as vectors of disease-causing agents to humans, and the most important arthropod capable of transmitting pathogens to other animal species (8) (9) (10) (11) (12) (13) . Medically important tick-borne diseases include Lyme disease (14, 15) , tick-borne encephalitis, granulocytic ehrlichiosis (16) (17) (18) (19) , babesiosis (2, 7, 12) , and Crimean-Congo hemorrhagic fever which occurs sporadically throughout much of Africa, Asia and Europe and results in an approximately 30% fatality rate (16) (17) (18) (19) .
Many reports have showed that proteins extracted from saliva and salivary glands of several ticks may inhibit humoral immunity and the Band T-cell responses to tick-transmitted pathogens (1, (20) (21) (22) (23) (24) (25) (26) , and furthermore, may facilitate the pathogen transmission and infection to their hosts by downregulating host immunity (27-34), altering blood flow (30, 35, 36) and inhibiting inflammation (37-41). For example, tick saliva-enhanced transmission has also been demonstrated for several viral and bacterial pathogens, including tick-borne encephalitis virus and Borrelia burgdorferi spp., the causative agent of lyme disease (11, 22, 38) . It has been suggested that anti-inflammation mechanism is well conserved among tick species although the presence of marked molecular polymorphism in the protein profile of salivary glands from individual ticks (11) . Many literatures have shown that saliva and salivary gland extracts of ticks can inhibit host inflammatory responses by modulating its cytokine secretion or directly block cytokines' activities via extracts-cytokine interactions (1, 20, 24, 26, 27, 32) . Some cytokine-binding peptides and proteins have been identified from tick salivary glands, but so far no regulatory peptides affecting cytokine secretions have ever been characterized (27, 39-41). In current work, two families of immunoregulatory peptides, hyalomin-A and -B were identified from salivary glands of hard tick H. asiaticum. Hyalomin-A and -B were shown to suppress host inflammatory response by modulating cytokine secretion and detoxifying reactive oxygen species.
Experimental Procedures
Salivary gland dissection-Partially fed adult hard ticks (H. asiaticum) of both sexes (n = 2300) were collected from Xinjiang Province of China (May to July, detached from camels). Ticks were glued to the bottom of a Petri dish and placed on ice for 20 min. They were then incised along the dorsal-lateral margin, and the dorsal integument was removed. The salivary gland was isolated and transferred into 0.1 M phosphate buffer solution (PBS) containing protease inhibitor cocktail (Sigma, P2714), pH 6.0, and kept at -20 °C.
Peptide purification-The salivary glands from ticks were homogenized using a glass homogenizer in 0.1 M PBS, pH 6.0, containing protease inhibitor cocktail.
The homogenate was centrifuged at 10000 rpm. The supernatant (10 ml) was applied to a Sephadex G-50 (Superfine, Amersham Biosciences, 2.6 × 100 cm) gel filtration column equilibrated with 0.1 M PBS, pH 6.0. Elution was performed with the same buffer, collecting fractions of 3.0 ml while the absorbance was monitored at 280 nm. The effects of eluted fractions on interferon-gamma (IFN-γ) secretion were determined as described below. The fractions with desired activity was pooled (about 20 ml), lyophilized, re-suspended in 2 ml 0.1 M PBS, and purified further by C 18 RP-HPLC (Hypersil BDS C 18 , 30 × 0.46 cm) as illustrated in Fig. S1B . Two pairs of oligonucleotide primers, S1 (5'-CARACNCCNXGNACNATNGGN -3', in the sense direction, where N is A, T, C, or G; R is A or G and X is A or C)/Primer IIA (in the antisense direction) and S2 (5'-ACNCTNXGNACNACNACNGAY-3 ' , in the sense direction, where Y is T or C)/ Primer IIA (in the antisense direction) were used to screen hyalomin-A and -B, respectively. S1 and S2 are specific primers designed according to the amino acid sequence determined by Edman degradation. All the oligonucleotide primers for PCR were prepared with a DNA synthesizer (Model 381A, Applied Biosystems 
Structural analysis-
bromide) (5 mg/ml) was added to each well for a 4 h incubation. Finally, each well was added a 100 μl of acidified isopropylalcohol, and the cells were homogenized for at least 10 min to fully dissolve the colored material. The absorbance at 570 nm was measured in an ELISA reader.
Macrophage cell proliferation and viability measurement-Raw 264.7 murine macrophage cells (RMMCs) were cultured in Dulbecco's Modified Eagle Media (DMEM, 11960-044, Gibco, USA) supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, and 100 U/ml of streptomycin in a humidified 5% CO 2 atmosphere at 37 °C. 2×10 4 RMMCs per well (180 μl)
were plated into a 96-well plate. After overnight incubation, RMMCs were adhered to the plate, then 20 μl of tested samples dissolved in DMEM were added to the wells for 20 h and 44 h incubation, using the same volume of DMEM as blank control. At the end of incubation, 20 μl of MTT solution (5 mg/ml) was added to each well and the cells were further incubated for 4 h at 37 °C. Cells were solved in 200 μl of DMSO, the absorbance at 570 nm was measured in an ELISA reader. The viability of the treated group was expressed as the percentage of control group which was assumed to be 100%.
Western blot analysisRMMCs (1×10 6 /well) were plated and adhered to a 24-well culture plate. Cells were then transferred to serum-free DMEM for an 18 h-incubation. The cells were pre-treated by peptide samples of various concentrations (2, 4, 8 μg/ml) or blank for 1 h before the addition of LPS (1 μg/ml). After incubation for 15 min, cells were collected by centrifugation and washed twice with ice-cold PBS. The washed cell pellets were resuspended in 150 μl of extraction lysis buffer (50 mM Tris-HCl, pH 7.4; 1% Nonidet P-40; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM EDTA; 1 mM PMSF; 1 μg/ml each of aprotinin, leupeptin, and pepstatin; 1 mM sodium orthovanadate and 1 mM NaF) and incubated for 30 min at 4°C. Cell debris was removed by centrifugation, followed by quick freezing of the supernatants. The protein concentration was determined using Bradford protein assay. Forty micrograms of cellular protein from treated and untreated cell extracts were separated on a 12%
SDS-polyacrylamide gel electrophoresis (PAGE) and electroblotted onto a PVDF membrane. The immunoblot was incubated with blocking solution (5% skim milk) at room temperature for 3 h, followed by incubation overnight with a primary antibody against the phosphorylated forms of Erk1/2, SAPK/JNK, or p38 MAP kinase at 4°C, respectively. Blots were washed three times with Tween 20/Tris-buffered saline (TBST) and incubated with a 1:1000 dilution of horseradish peroxidase-conjugated secondary antibody for 1h at room temperature. Blots were again washed three times with TBST and then developed by enhanced chemiluminescence (Tiangen Biotech).
For the western blotting of pc-Jun, p-ATF-2 and PCNA (proliferating cell nuclear antigen), cellular nuclear extracts were prepared as described below. Cells were washed twice with ice-cold PBS and resuspended in hypotonic buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1.5 mM MgCl 2 , 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 mM NaF and 1 mM Na 3 VO 4 ). After the addition of 0.5% (v/v) Nonidet P-40 and vigorous vortexing for 10 s, the nuclei were pelleted by centrifugation (12,000 × g for 1min at 4 °C). The collected nuclei pellet was resuspended in extraction buffer (20 mM HEPES, pH 7.9; 400 mM NaCl, 1mM EGTA, 1mM EDTA,1 mM dithiothreitol, 1 mM NaF and 1mM Na 3 VO 4 ). After centrifugation (12,000 ×g for 10 min at 4°C), the supernatant was collected and stored at -70 °C. Twenty micrograms of cellular protein from treated and untreated cell extracts was electroblotted onto a PVDF membrane following separation on a 12% SDS-PAGE. Procedure of the immunoblotting was the same as above.
Effects
of hyalomin-A1/-B1 on adjuvant-induced arthritis in mice-20 μl of vehicle (saline) or Freund's complete adjuvant (Sigma) was administered into the plantar surface of the right hind paw of male Kunming mice (12/group). The basal footpad thickness of each mouse was measured with a vernier caliper at the beginning of the experiment. Hyalomin-A1/-B1 (1.25, 2.5 and 5 mg/kg) were administered into the muscle of hind legs root alternatively from day 1 after injection of Freund's complete adjuvant to day 14. Control groups of mice received the same volume of saline (vehicle). As an index of inflammation, right hind paw thickness was measured with a vernier caliper at day 1, 5, 9, 11, 15 and 21, respectively.
The experimental protocols were approved by the Animal Care and Use Committee at Kunming Institute of Zoology, Chinese Academy of Sciences.
Peptide synthesis-Hyalomin-A1 and -B1 were synthesized by solid phase synthesis on an Applied Biosystems model 433A peptide synthesizer. After the cleavage and deprotection of side-chain, the crude synthetic peptide was purified on a Vydac C 18 RP-HPLC column (25 cm × 1 cm), eluting at a flow rate of 1 ml/min by a linear gradient of acetonitrile in 0.1% trifluoroacetic acid in water. Identity of the peptide was confirmed by automated Edman degradation with a protein sequencer and mass spectrometry analysis.
Statistics-Data analysis was performed using the Statistical Package for Social Science (SPSS 11.5). Statistical analysis data was presented as mean ± standard deviation (SD).
RESULTS
Purification and structural analysis of peptides from tick salivary gland extracts. The crude extracts from the tick salivary glands have been divided into several factions by Sephadex G-50 gel filtration and the fraction indicated by a bar was found to inhibit IFN-γ secretion as illustrated in Fig. S1A . The sample with IFN-γ secretion-inhibitory activity was pooled and further purified by C18 RP-HPLC. Two peptides were purified from this step as indicated 1 and 2 in Fig. S1B and 3688.00, respectively. The amino acid sequences of hyalomin-A1 and -B1 were further confirmed by the cDNA cloning as described below.
cDNA cloning. As illustrated in Fig. 1A , a cDNA of 801 bp (GenBank accession GU828034 ) was cloned from the cDNA library of salivary gland of tick H. asiaticum asiaticum. This cDNA encodes a precursor protein composed of 221 amino acid residues (aa). It was found that both hyalomin-A1 and -B1 share the same 221 aa precursor protein.
In the sequences of the 221 aa precursor, there are 3 copies of hyalomin-A1 and 3 homologues of hyalomin-B1 (B1 to -B3, Fig 1B) . Hyalomin-A1 is composed of 11 amino acid residues. Both hyalomin-B1 and -B2 are composed of 34 residues while hyalomin-B3 is composed of 32 residues. All the sequences of mature hyalomin-A and B peptides are flanked by the possible enzymatic processing site of -RR- (Fig.  1A) .
Effects on cytokine secretion. We tested the effects of synthesized hyalomin-A1 and -B1 on IL-10, IFN-γ, MCP-1 and TNF-α secretion induced by lipopolysaccharide (LPS) in mouse splenocytes. Four concentrations (0, 2, 4 and 8 µg/ml) of hyalomin-A1 and -B1 were used. LPS alone could induce IL-10, IFN-γ, and MCP-1 secretion. As illustrated in Fig. 2 , both hyalomin-A1 and -B1 could markedly inhibit secretions of IFN-γ, MCP-1 and TNF-α induced by LPS in a dose-dependent manner ( Fig. 2A, 2C and 2D ). The secretion of IL-10 could be significantly increased by hyalomin-B1. Hyalomin-A1 only could slightly increase the IL-10 secretion even at the concentration of 8 µg/ml (Fig. 2B) .
Free radical scavenging activity. Owing to the good performance with respect to the stability, maneuverability and reproducibility, ABTS + radical scavenging assay was commonly used to evaluate antioxidant capacity of biomolecules (33). The decrease in absorbance at 734 nm was monitored at 1 min intervals for 30 min. The absorbance of control and sample were monitored simultaneously. Both hyalomin-A1 and -B1 could react with ABTS + and convert it into colorless compounds. As illustrated in Fig. 3 , they could rapidly scavenge ABTS + in a time-dependent manner. The overlaid scans of the solution were performed to monitor the decrease of the ABTS radical-specific 415 and 735 nm peaks and a concomitant increase of the ABTS-specific peak at 340 nm. Although the ABTS + displayed a slender auto-scavenging activity (Fig. 3A) , both hyalomin-A1 and -B1 could significantly catalyze this process ( Fig.  3C and 3D) , and the catalysis rate is even much faster than that of commerical antioxidant factor (BHT) (Fig. 3B) . The reduction processes by hyalomin-A1 and -B1 were a two-phase reaction. An initial faster phase over several seconds was followed by a second slower phase that was still ongoing after 10 min (Fig. 3A to 3D) . Most of the ABTS radical was reduced after 5 s. Two end products of reduced ABTS were found, represented by the 340 nm peak and a novel peak at 550 nm ( Fig. 3C and 3D, inset) . No product with the absorbance at 550 nm was found in the BHT-ABTS react system (Fig. 3B) , indicating that BHT might have a different radical scavenging mechanism from these tick peptides.
It has been proved that phenols can react with ABTS radicals to form purple compounds with a broad absorbance around 550nm (32, 39, 40). Among the essential amino acids, only tyrosine contains phenol side chain. One and two tyrosine residues are found in hyalomin-A1 (Y 10 ) and -B1 (Y 8 and Y 32 ), respectively, and they possibly react with ABTS radicals to form hyalomin-A1/-B1-ABTS purple adducts. The observed masses of hyalomin-A1 and -B1-ABTS purple adducts were 1498.1 and 3954.9, respectively, which were two mass units less than the total masses of hyalomin-A1/-B1 plus ABTS free radical (1500.2 and 3956.8). The two mass units account for the oxidized tyrosine residue as confirmed by previous report (32). As listed in Table  S1 , Y 10 and Y 8 replacement in hyalomin-A1 and -B1 extremely decreased their antioxidant capabilities, whereas Y 32 replacement in hyalomin-B1 had only a slight effect on the antioxidant capability, suggesting that Y 32 did not take part in the reaction with ABTS radicals.
Effects on cell proliferation and cell viability. The effects of hyalomin-A1
and -B1 on cell proliferation were tested by co-culturing with mouse splenocytes in RPMI-1640 medium supplemented with 5% fetal calf serum (Fig. S2) . Five sample concentrations (5, 10, 20, 40, 80 µg/ml) were used. Interestingly, all five concentrations of hyalomin-A1 could slightly (about 20%) inhibit splenocyte proliferation in a dose-independent manner. Regarding the hyalomin-B1, low concentrations (5, 10 and 20 µg/ml) showed the same cell proliferation-inhibitory effects as hyalomin-A1 while high concentrations (40 and 80 µg/ml) had no effect on splenocyte proliferation (Fig. S2A) . The effects of hyalomin-A1 and -B1 on cell viability were assayed by using Raw264.7 murine macrophages grown in DMEM supplemented with 10% fetal bovine serum and antibiotics. All the tested concentrations (10, 20, 40, 80 and 160 µg/ml) of hyalomin-A1 and low concentrations (10 and 20 µg/ml) of hyalomin-B1 have little effects on the cell viability but high concentrations (40, 80 and 160 µg/ml) of hyalomin-B1 could increase the cell viability by 10-20% (Fig. S2B) .
Influence on MAPK signaling pathway.
The mitogen-activated protein kinases (MAPK) play important roles in the regulation of cell growth and differentiation, and as well the control of cellular responses to proinflammatory cytokines and environmental stresses. The effects of hyalomin-A1 and -B1 on the LPS-stimulated phosphorylations of ERK1/2, SAPK/JNK and p38 MAPK kinases in RAW 264.7 macrophage cells were examined using western immunoblot analysis. As shown in Fig.  4 , both hyalomin-A1 and -B1 inhibited LPS-induced degradation of I κ B-α. Hyalomin-A1 could inhibit the LPS-induced activation of p38 MAP kinase while hyalomin-B1 had no obvious effects on p38 MAP kinase. Neither hyalomin-A1 nor -B1 had marked effect on the LPS-induced activation of ERK1/2 MAP kinase, however, with respect to the LPS-induced activation of JNK MAP kinase, both hyalomin-A1 and -B1 indeed showed significant suppression in a dose-dependent manner. The phosphorylations of JNK1 (p46) and JNK2 (p54) were blocked by both hyalomin-A1 and -B1, and especially, the LPS-induced phosphorylation of JNK1 could be completely blocked at the sample concentrations above 8 µg/ml. To further confirm whether hyalomin-A1/-B1 mainly act on JNK/SAPK signaling pathway, we examined the effects of hyalomin-A1 and -B1 on upstream and downstream kinases of JNK. It was found that the phosphorylations of MKK4 (the upstream kinase of JNK), C-jun and ATF-2 were all inhibited by hyalomin-A1/-B1 in a dose-dependent manner.
Inhibition of adjuvant-induced inflammation in mouse.
Considering that both hyalomin-A1 and -B1 could inhibit proinflammatory cytokine secretion by acting on JNK/SAPK signaling pathway and enable to scavenge free radical, Freund's complete adjuvant-induced inflammation model was used to evaluate the potential anti-inflammatory ability of hyalomin-A1 and -B1. As illustrated in Fig. 5 , they could inhibit hind paw inflammation in mouse in a dose dependent manner. Such anti-inflammatory functions were present significantly after 9 days administration. At the dose of 5 mg/kg body weight, inflammatory mice could recover to normal status after 21 days administration of hyalomin-A1 or -B1.
DISCUSSION
The investigation of interactions between blood-feeding arthropods and their hosts reveal the mechanism for the transmission of vector-borne pathogens. As pool feeders, ticks could be excellent models for the study of parasite-host relationships Many proofs have indicated that MAPK signaling pathway is involved in regulating the transcriptions of cytokine genes. Results from western blot analysis indicated that both hyalomin-A1 and -B1 significantly suppressed the LPS-induced activation of JNK subgroup of MAPK signaling pathway through blocking JNK's phosphorylation, and subsequently led to the reduction of transcriptions of MCP-1, IFN-γ and TNF-α genes (Fig. 4) . In addition, some literatures have reported that antioxidants can reduce oxidant-induced MAPK activation (42), thus the inhibitions of MAPK activation by hyalomin-A1/-B1 also might result from their antioxidant activates. It has been well established that components of the MAPK pathway act as mediators of phosphorylation of intracellular substrates such as protein kinases and transcription factors as well as regulators of cell growth and differentiation (43, 44). Given the inhibitory abilities of hyalomin-A1/-B1 on MAPK activation, we tested their effects on mouse splenocytes proliferation. A statistically significant reduction in the proliferation of cells could be observed for most of hyalomin-A1/-B1 concentrations tested (Fig. S2A) . Cell viability has not been affected by hyalomin-A1 /-B1, indicating that the immunoregulatory properties of hyalomin-A1/-B1 are not related with cytotoxicity.
In addition to the investigation of antioxidant and anti-inflammatory functions at molecular and cell levels, adjuvant-induced inflammatory models in mice were also exploited to evaluate the roles hyalomin-A1/-B1 playing in the acute inflammation. A concentration-dependent inhibition of inflammation was observed. This result further reveals the biological significance of these antioxidant peptides derived from tick salivary glands, replying on which the ticks could suppress host's inflammatory responses and successfully get blood meal.
The current work identified two families of small peptides other than big proteins with antioxidant and anti-inflammatory activities from hard tick's salivary glands. Besides, the possible mechanisms underlying their immunoregulatory functions were fully discussed. Fig. S1 shows the purification of immunosuppressant peptides from the tick salivary gland extracts; Fig. S2 shows effects of hyalomin-A1 and -B1 on cell proliferation and cell viability; Fig. S3 shows the MALDI data for the peptide analysis of hyalomin-A1 and -B1; Table S1 lists antioxidant activities of hyalomin-A1 and -B1. Fig. 1 . A: The cDNA sequence encoding hyalomin-A1 and -B1 from the hard tick H. asiaticum asiaticum salivary glands. The mature hyalomin-A and -B were boxed; B: the amino acid sequences of mature hyalomin-As and -Bs. to a final concentration of 3 μM and the absorbance spectrum was read at 0 s, 2s, 30 s, 2 min, 5 min, 10 min, 20 min and finally endpoint scan was read immediately after the addition of sodium azide. Fig. 4 . The effects of hyalomin-A1 and -B1 on the LPS-induced phosphorylations of MAP kinase. Raw 264.7 macrophage cell were pretreated or not with the indicated concentrations of hyalomin-A1 and -B1 for 1 h before adding LPS (1 μg/ml) to the cells. After incubation for 15 min, total cellular proteins were prepared and Western blotted for p-IκB-α, p-p38, p-MKK4, p-JNK using specific antibodies. β-actin was used as internal control. For the Western blotting of p-C-Jun and p-ATF-2, cellular nuclear extracts were prepared, using PCNA as internal control. p: phosphorylated. 
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